We experimentally demonstrate a novel approach to substantially modify orbital occupations and symmetries in electronically correlated oxides. In contrast to methods using strain or confinement, this orbital tuning is achieved by exploiting charge transfer and inversion symmetry breaking using atomically layered heterostructures. We illustrate the technique in the LaTiO 3 -LaNiO 3 -LaAlO 3 system; a combination of x-ray absorption spectroscopy and ab initio theory reveals electron transfer and concomitant polar fields, resulting in a ∼50% change in the occupation of Ni d orbitals. This change is sufficiently large to remove the orbital degeneracy of bulk LaNiO 3 and creates an electronic configuration approaching a single-band Fermi surface. Furthermore, we theoretically show that such three-component heterostructuring is robust and tunable by choice of insulator in the heterostructure, providing a general method for engineering orbital configurations and designing novel electronic systems. For transition-metal oxides (TMOs), orbital manipulation plays an essential role in understanding and controlling the diverse range of observed behaviors because the electronically active d orbitals of the transition-metal cations underpin a strong coupling between electronic and structural degrees of freedom [8, 9] . For near-cubic symmetry, these orbitals are split into levels with t 2g and e g symmetry. We focus here on controlling the orbital properties in materials where the lower-energy t 2g levels are full, leaving only the two e g orbitals (the 3z 2 − r 2 and x 2 − y 2 orbitals) active near the Fermi energy. Much of the distinctive physics of TMOs, such as colossal magnetoresistance in the manganites [10], spin-state transitions in cobaltates [11] , and high-temperature superconductivity in the cuprates [6, 12] , occurs in such systems. The electronic properties of these materials depend sensitively on their orbital structure, including the relative energies of the orbitals, their filling, and their intermixing [13] . In particular, confining the valence electrons to a single orbital or energy band enhances quantum correlations and phase competition by reducing available degrees of freedom.
Achieving new electronic orbital configurations in solids can lead to novel electronic and magnetic phenomena, especially in systems with numerous competing quantum phases, such as transition-metal oxides. Examples of properties that depend on orbital configuration include topological surface states [1] , oxygen electrocatalysis [2] , interface magnetism between nonmagnetic materials [3] , metallic quantum well states [4] , tunable pseudogap phases [5] , high-temperature superconductivity [6] , and control of the Mott metal-insulator transition [7] .
For transition-metal oxides (TMOs), orbital manipulation plays an essential role in understanding and controlling the diverse range of observed behaviors because the electronically active d orbitals of the transition-metal cations underpin a strong coupling between electronic and structural degrees of freedom [8, 9] . For near-cubic symmetry, these orbitals are split into levels with t 2g and e g symmetry. We focus here on controlling the orbital properties in materials where the lower-energy t 2g levels are full, leaving only the two e g orbitals (the 3z 2 − r 2 and x 2 − y 2 orbitals) active near the Fermi energy. Much of the distinctive physics of TMOs, such as colossal magnetoresistance in the manganites [10] , spin-state transitions in cobaltates [11] , and high-temperature superconductivity in the cuprates [6, 12] , occurs in such systems. The electronic properties of these materials depend sensitively on their orbital structure, including the relative energies of the orbitals, their filling, and their intermixing [13] . In particular, confining the valence electrons to a single orbital or energy band enhances quantum correlations and phase competition by reducing available degrees of freedom.
We consider the rare-earth nickelates (RNiO 3 ) [14] [15] [16] [17] [18] [19] [20] as a model system to demonstrate orbital engineering. In the bulk, the nominal ionic configuration of the Ni 3þ is d 7 containing a full t 2g shell and a single electron occupying the twofold degenerate e g manifold. We focus on LaNiO 3 , the most metallic of the RNiO 3 family, which has a pseudocubic perovskite structure with an octahedral coordination that splits the t 2g band but does not affect the degeneracy of the e g band. Significant effort has been expended over the last several years to achieve a large orbital polarization in LaNiO 3 -based structures, with the goal of isolating and achieving half filling of the x 2 − y 2 band, in analogy to the cuprates [21, 22] . Previous proposals for breaking orbital degeneracy in this system by using quantum confinement and/or strain result in orbital polarizations that are small or modest [23] [24] [25] [26] [27] : to date, the largest experimentally observed effect has resulted in an e g splitting of ∼300 meV and <20% change in orbital occupancy compared to the bulk [28] . Here, we describe and experimentally demonstrate a novel method to artificially transform an orbitally degenerate e g system into a single band system by using atomiclayer synthesis to drastically alter its symmetry and filling. Our experimental work is based on a new approach that utilizes atomically layered heterostructures to yield a large orbital polarization and a nondegenerate band structure [29, 30] . This proposal takes advantage of inversion symmetry breaking in three-component heterostructures, which has previously been shown to lead to enhanced ferroelectric polarization [31] [32] [33] . The large orbital modification we achieve takes advantage of such heterostructuring and uses robust general physical mechanisms, in particular, the combination of inversion symmetry breaking, charge transfer, and polar structural distortions. The relative complexity of these structures, however, is a challenge for experimental realization [34, 35] . We describe here the fabrication and properties of such three-component heterostructures, and we experimentally demonstrate that they exhibit large orbital polarizations (∼50% change in orbital occupancy compared to the bulk) as a result of charge transfer and polar fields. The realization of this widely tunable structure opens up the opportunity to apply these materials design principles to other systems in which one wishes to study or engineer orbital configuration to influence orbitally induced behavior.
We fabricate nickelate superlattices on LaAlO 3 (001) single crystal substrates using oxygen plasma-assisted molecular beam epitaxy (MBE). The layering sequences for the two-and three-component superlattices are ½ðLaNiO 3 Þ 3 -ðLaAlO 3 Þ 6 × 20 and ½ðLaTiO 3 Þ 1 -ðLaNiO 3 Þ 1 -ðLaAlO 3 Þ 3 × 12, and will be henceforth referred to as LNO-LAO and LTNAO, respectively. X-ray absorption (XAS) and x-ray linear dichroism (XLD) measurements are carried out at the National Synchrotron Light Source (NSLS) at beamline U4B. Atomic-scale structure determination is performed by measuring crystal truncation rods (CTR) using high-resolution synchrotron x-ray diffraction at the NSLS using beamline X21 and the Advanced Photon Source using beamline 33ID. Density functional theory (DFT) calculations for nickelate structures are performed within the local density approximation using the plane wave pseudopotential approach, as implemented in QUANTUM ESPRESSO with ultrasoft pseudopotentials [36] . Additional methodological details can be found in Ref. [37] .
The DFT calculations show that in contrast to bulk LaNiO 3 or LNO-LAO superlattices, which display degenerate band structures with equally or nearly equally wide Ni
and 1(b)], the lower symmetry in the LTNAO superlattice yields a nondegenerate band structure [ Fig. 1(c) ]. This is exemplified by the fact that the Fermi level cuts through the center of a wide band of primarily x 2 − y 2 character, while a narrow band of primarily 3z 2 − r 2 symmetry lies almost entirely below the Fermi level. This asymmetry of the Ni e g states is due to a structural asymmetry around the Ni in the three-component superlattice, whereby the apical Ni-O bonds are elongated due to internal polar fields pointing towards the Ni [29] . These polar fields emerge as a result of unidirectional electron transfer from Ti to Ni, which also serves to dope the 3z 2 − r 2 band. The combination of inversion symmetry breaking, charge transfer, and internal polar fields forms the basis for the orbital modification in the LTNAO superlattice, and we verify these key properties here.
First, we demonstrate charge transfer from Ti to Ni that is predicted for LTNAO superlattices [50] and shown in Fig. 2 (a) as calculated using DFT [37] . The primary effect is the transfer of an electron from the Ti t 2g states to the Ni 3z 2 − r 2 e g state through the intermediary apical oxygen. In bulk, the Ti and Ni ions in LaTiO 3 and LaNiO 3 are in the 3þ oxidation state. After the electron transfer in the heterostructure, the oxidation states should change such that Ti 3þ → Ti 4þ and Ni 3þ → Ni 2þ . In order to confirm this transfer, we perform XAS measurements at the Ti L edge on the MBE-grown LTNAO superlattice. Comparing the XAS spectrum of the LTNAO to those of bulk specimens, in which the Ti atoms have the 4þ (SrTiO 3 ) and 3þ (LaTiO 3 ) oxidation states, we observe in Fig. 2 (b) that the superlattice contains predominantly Ti 4þ . XAS measurements of the Ni K edge also show a shift relative to bulk LaNiO 3 and LNO-LAO superlattices, corresponding to Ni ions being in the expected 2þ state in the LTNAO structure [37] . Thus, both the Ti and Ni formal valence states in the LTNAO display the charge transfer of a full electron from Ti to Ni.
The effect of this charge transfer on the resulting electronic structure of the LTNAO is twofold [29] . First, the transferred electron primarily occupies the 3z 2 − r 2 band, providing a selective internal doping effect that 
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week ending 16 JANUARY 2015 enhances the difference in orbital occupations. Second, the charge imbalance set up as a result of the electron transfer forms an internal dipole field driving polar distortions and apical Ni-O bond elongations in the LTNAO, which ultimately lead to splitting of the e g orbital energies. In this context, the experimental verification of the unidirectional transfer of a full electron should be highlighted: the observed magnitude of this interfacial charge transfer, which exceeds previous reports in oxide superlattices [13] , and the asymmetry of the effect are crucial for producing large polar fields pointing towards each NiO 2 layer, and hence, a large Ni orbital polarization.
Figure 2(c) shows the atomic structure of one repeat unit of LTNAO, as calculated from DFT. Polar displacements of the ions away from their ideal, planar geometry are evident (positively charged La and Ti ions move up and negatively charged O ions move down), leading to apical Ni-O bond elongation and a net dipole momentP directed towards the Ni from below. We experimentally determine the dipole moment from the ionic positions of Ni, O, and Ti [ Fig. 2(c) ], as determined using coherent bragg rod analysis (COBRA) of the CTRs [51] and their displacement away from an undistorted reference structure [37] . We find that the dipole moment points towards the Ni [ Fig. 2(c) ] and that the magnitude of the dipole moments determined from experiment and theory agree (P theory ¼2.93eÅ, P expt ¼ 3.01 eÅ). Structural analysis performed using periodic LTNAO superlattice structures shows similar agreement [37] .
The ratio of apical to in-plane Ni-O bond lengths (d ap =d inp ) serves as a metric for considering the modification of the crystal field caused by the polar distortions. There are two distinct apical Ni-O bonds per LaNiO 3 layer in the LTNAO: one towards Ti and one towards Al. For the periodic superlattice, we find d ap =d inp ¼ 1.14 from theory and d ap =d inp ¼ 1.06 from experiment for the average of the two apical Ni-O bonds; the longer apical Ni-O bond gives d ap =d inp ¼ 1.18 and 1.16, respectively (the experimental results average over all 12 repeats). We note that the long d ap =d inp ratio corresponds to a large (volume-conserving) biaxial strain on the LaNiO 3 layer of ∼8-10%, which cannot feasibly be achieved using conventional epitaxial techniques that use lattice misfit to induce strain. As will be discussed below, this substantial modification of the crystal field environment, coupled with the internal electron doping, leads to a significant orbital polarization not realizable via epitaxial strain.
We next establish the achievement of a large orbital polarization in the LTNAO heterostructure. XLD delivers both element-and orbital-specific information by comparing polarization-dependent XAS spectra. In particular, at the Ni L edge, transitions to the x 2 − y 2 and 3z 2 − r 2 orbitals can be individually excited by choosing the incident polarization to be in plane (E xy ) or out of plane (E z ) with respect to the sample surface. The integrated XLD spectra, I E z and I E xy , provide a direct measurement of the ratio of e g holes [23, 52] :
where r is the hole ratio and h j is the number of holes in the orbital j. For the case of creating a nondegenerate band structure with a filled 3z 2 − r 2 band, the relevant limits for r range from 0 to 1. A value of r close to 0 signifies a small degree of unoccupied states with 3z 2 − r 2 character, while r ¼ 1 indicates fully degenerate e g bands. This quantity can also be determined from first principles band structure calculations by integrating the projected density of states (PDOS) for all x 2 − y 2 and 3z 2 − r 2 states above the Fermi level.
Another quantity explored in the literature is the "orbital polarization" P defined as 
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where n j is the number of electrons occupying orbital j. We point out, as detailed in Ref. [35] , that r represents a practical observable for determining the orbital configuration that can be reliably compared to and predicted by ab initio band structure methods. Unlike P, it does not sensitively depend on choice of local atomic basis or, equivalently, on n e g , the total occupancy of the e g manifold, which is an ill-defined quantity experimentally and theoretically [28, 35] . We use DFT to compute r for bulk LaNiO 3 , LNO-LAO superlattices, and LTNAO superlattices. As expected, bulk LaNiO 3 [ Fig. 1(a) ] is fully degenerate with r ¼ 1. The effect of the two-component superlattice is to confine the Ni electrons and reduce the out-of-plane hopping. While this confinement narrows the 3z 2 − r 2 band, the center energy of the 3z 2 − r 2 band is shifted by only Δ e g ∼ 0.1 eV [ Fig. 1(b) ]. Thus, the integrated 3z 2 − r 2 PDOS is nearly the same as for the bulk, with r ¼ 0.92. In contrast, due to the aforementioned structural distortions and charge transfer, the LTNAO superlattice [ Fig. 1(c) ] exhibits a narrow band of primarily 3z 2 − r 2 character that is nearly full and split by Δ e g ∼ 0.8 eV from a partially filled band of primarily x 2 − y 2 symmetry, yielding r ¼ 0.48. Hence, we find that the band degeneracy is largely broken, and the LTNAO superlattice is a nearly fully nondegenerate material that can be made, upon slight electron doping, to have a single band at the Fermi level. Electron doping may be achieved experimentally by substitution of La 3þ for Ce 3þ=4þ , either directly into the LaNiO 3 layer or through remote doping from the LaTiO 3 or LaAlO 3 layers. The experimental feasibility of such approaches is the subject of ongoing study.
To measure the orbital polarization experimentally, we conduct XLD measurements on the MBE-grown LNO-LAO and LTNAO superlattices. The resulting polarization-dependent spectra are shown in Fig. 3 . In the two-component superlattice [ Fig. 3(a) ], no significant dichroic signal is observed. We ascertain r ¼ 1.02 AE 0.05 from Eq. (1), consistent with our DFT calculations and previous reports on LaNiO 3 -LaAlO 3 superlattices [23, 24] . In contrast, there is a marked dichroism for the LTNAO superlattice [ Fig. 3(b) ]. The hole ratio computed from the data is r ¼ 0.55 AE 0.04. This result represents a ∼50% reduction in r compared to the bulk and the largest experimentally observed orbital polarization in perovskite nickelate systems to date. Furthermore, the data agree well with the DFT predictions, indicating that the synthesized LTNAO superlattice possesses the theoretically calculated nondegenerate band structure and that it can be tuned to have a single band near the Fermi level.
For a quantitative comparison with previous strategies of orbital degeneracy breaking, namely epitaxial strain and confinement, one cannot directly compare the hole ratios observed here with previous experiments that were designed to shift the x 2 − y 2 orbitals to lower energy (i.e., flipping the e g configuration). In such systems, the ideal value for the hole ratio (corresponding to a half filled x 2 − y 2 orbital and a completely unoccupied 3z 2 − r 2 orbital) would be r ¼ 2. The best reported orbital polarization in such perovskite nickelate-based structures has a value of r ≈ 1.19, which is realized in two-component LaNiO 3 superlattices and attributed primarily to the effects of epitaxial strain [28] . This ∼20% change in the orbital occupation may be compared with the ∼50% change we observe in the LTNAO superlattice to reveal a factor of 2-3 improvement on the state of the art [53] . Similarly, in terms of energetic splitting, we find an e g orbital energy splitting of Δ e g ∼ 0.8 eV for the LTNAO tricomponent structure compared with Δ e g ∼ 0.3 eV for the strained twocomponent structures.
To provide further context for understanding the orbital degeneracy breaking relative to conventional experimental approaches, we theoretically consider a confined system of ðLaNiO 3 Þ 1 -ðLaAlO 3 Þ 3 superlattices with varying degrees of in-plane epitaxial strain. We find that in order to achieve our observed value of r ¼ 0.5, a compressive strain of >10% would be required [37] . This agrees with our assessment of the measured asymmetry of the Ni-O bond environment. Similarly, to raise the e g crystal field splitting PRL 114, 026801 (2015) P H Y S I C A L R E V I E W L E T T E R S week ending 16 JANUARY 2015 to Δ e g ∼ 0.8 eV (our value for LTNAO) requires >10% epitaxial strain (extrapolating from Ref. [35] ). Instead of relying on limited epitaxial constraints, we impose bond length and crystal field distortions by using polar fields, resulting from internal charge transfer, to drive ionic distortions. We note that this mechanism has conceptual similarities to a recently proposed "electrostatic strain" approach that uses cation ordering in Ruddlesden-Popper structures to influence the Ni-O bond distortions [34] ; however, the magnitude of the effect in our LTNAO system, as measured by d ap =d inp and Δ e g , is both widely tunable and appreciably larger, as explained below.
One aspect of the LTNAO system that can be tuned is the insulator in the heterostructure. To illustrate this tunability, we theoretically consider a series of nickelate superlattices of the type ½ðLaTiO 3 Þ 1 -ðLaNiO 3 Þ 1 -ðinsulatorÞ with different insulators [37] . The calculations demonstrate that modifying the insulating barrier has a dramatic effect on the Ni bonding environment. For instance, the average apical to in-plane Ni-anion bond length ratio ranges from d ap =d inp ¼ 1.14 to d ap =d inp ¼ 1.45 when changing the insulator from LaAlO 3 to BaO. Such large bond length modifications considerably alter the crystal field of the Ni and thus affect the orbital configuration in kind. Hence, we find a correlation between the average Ni-anion bond length ratio and the hole ratio, with larger d ap =d inp giving smaller r. The hole ratio can be reduced to r ¼ 0.18 by using RbF as an insulator and upon electron doping (25% Ba for Rb), decreases even further to r ¼ 0.09, approaching the value for the undoped cuprates [54, 55] . In addition, one can further fine-tune the orbital polarization using strain by choice of substrate. These results demonstrate that our methodology allows one to access a wide and relatively continuous range of r, and provides unique control over orbital configuration.
The LTNAO superlattice described here is one of a promising new class of materials that show robust and large orbital polarizations due to symmetry breaking, internal charge transfer, and apical oxygen bond elongation from built-in polar fields. The experimental realization of the LTNAO structure, and confirmation of its predicted atomic and electronic structure, provides a template to achieve widely tunable orbital configurations. With the various control parameters, one is able to tune the symmetry of the electronically active bands ranging from and between those of Ni-and Cu-based oxides. This approach represents a robust and realizable path to emulating cuprate-like physics in nickelates, as has been proposed previously [14, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] 35] . More generally, this method, which relies on simple physical principles, represents a new avenue for experiment and theory to explore low-energy phenomena and orbital-dependent properties of diverse materials systems. 
